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Angle-resolved Cu and O photoemission intensities in CuO2 planes

J. Eroles, C. D. Batista, and A. A. Aligia
Centro Atómico Bariloche and Instituto Balseiro, Comisio´n Nacional de Energı´a Atómica, 8400 Bariloche, Argentina

~Received 2 November 1998!

Using a mapping from the three-band extended Hubbard model for cuprate superconductors into a general-
ized t-J model, and exact diagonalization of the latter in a 434 cluster, we determine the quasiparticle weight
for destruction of Cu or O electrons with definite wave vectork. We also derive an approximate but accurate
analytical expression which relates the O intensity with the quasiparticle weight in the generalizedt-J model.
The k dependence of Cu and O intensities is markedly different. In particular the O intensity vanishes fork
5(0,0). Our results are relevant for the interpretation of angle-resolved photoemission experiments.
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I. INTRODUCTION

While the wave-vector dependence of the quasipart
weight in quantum antiferromagnets has been studied in
sively since the discovery of high-Tc superconductivity, the
interest in the subject has been revived by the angle-reso
photoemission ~ARPES! experiments on insulating
Sr2CuO2Cl2.1,2 Several theoretical works appeared fitting t
observed dispersion using generalizedt-J,3–9 spin-fermion,10

or one-band Hubbard models.11,12 More recently the photo-
emission intensities6–9,11,16and line shape2,8 have been dis-
cussed and compared with previous results in thet-J
model.13–15 In particular Lema and Aligia7,9 and Sushkovet
al.,16 have developed two different methods to calculate
quasiparticle weight in the generalizedt-J or one-band Hub-
bard models in the strong-coupling limit, using the se
consistent Born approximation~SCBA!. The results of both
methods, an analytical approach based on the ‘‘str
picture,’’14 and exact diagonalization of a 32-site cluste8

were compared recently.9 The method of Sushkovet al. in-
troduces spurious low-energy peaks in the Green func
which can, however, be identified and eliminated. The ot
SCBA method compares better with exact diagonalizat
and the results of the string picture underestimate
weights. However, since the operatorscks

† entering general-
ized t-J or one-band Hubbard models are effective opera
which cannot be trivially translated into Cu and O holes
the original system, the above-mentioned efforts are insu
cient for a comparison with experiment.

Experimental evidence about the symmetry of holes
cuprate superconductors,17–19 as well as constrained-densi
functional calculations,20,21 justify the three-band Hubbar
model H3b ~Refs. 22 and 23! as the starting point for the
description of these systems.H3b contains Cu 3dx22y2 and O
2ps orbitals. To explain some Raman24,25 and
photoemission26 experiments at excitation energies above
eV, it is necessary to include other orbitals in the mode27

but these are not important for the energy scale of
ARPES experiments of Ref. 1. However, even restricting
basis to the above-mentioned orbitals, the size of the syst
which can be diagonalized numerically at present, do
contain more than four unit cells.28 This is too small to dis-
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cuss the above-mentioned ARPES experiments.1 Thus, to
study this problem by numerical methods at zero tempe
ture, it is necessary to integrate out the high-energy deg
of freedom. Furthermore, analytical approximations li
slave bosons give better results when applied to an appro
ate low-energy Hamiltonian,29 and the successful SCBA
cannot be applied toH3b .

Several low-energy reduction procedures have b
proposed.29–35 Eliminating the Cu-O hoppingtpd by means
of a canonical transformation, leads to the spin-fermionHsf

~or Kondo-Heisenberg! model.30,31 Although tpd is, in prin-
ciple, not small enough to guarantee the accuracy of the
sulting Hsf , this effective Hamiltonian, with parameter
renormalized to fit the energy levels of a CuO4 cluster, re-
produces very well optical and magnetic properties ofH3b in
a Cu4O8 cluster.31 Also one-band generalized Hubbard29,30,33

and t-J models34,35 were derived. The latter represent th
highest low-energy reduction reached so far, and after
first proposal of Zhang and Rice,36 further work confirmed
that a generalizedt-J modelHGtJ reproduces accurately th
low-energy physics of the other models.21,37–43In particular,
projecting the Hilbert space ofHsf onto local ~nonorthogo-
nal! Zhang-Rice states,42 mapping the model in this reduce
Hilbert space toHGtJ , and solving numerically the latter, w
obtained a band structure and magnetic properties wh
agree very well with the corresponding properties calcula
directly onHsf .

43 It is important to emphasize that to calcu
late any property of the cuprates, expressed in terms of
expectation value of an operator ofH3b , using an effective
low-energyHamiltonian, the mapping procedure should b
extended to the operator of the quantity to be
calculated,31,33,44 or alternatively the relevant states of th
effective Hamiltonian should be mapped back onto the c
responding states ofH3b .

In this work we calculate the low-energy part of the C
and O ARPES, using the low-energy reduction fromH3b to
Hsf and from it toHGtJ , mapping the local Zhang-Rice sin
glets to vacant sites.42,43 The relevant operators ofH3b are
mapped toHsf , and the ground state ofHsf is constructed
from that ofHGtJ in a system containing 434 unit cells. For
the O ARPES we give a simple recipe to relate it with t
quasiparticle weight inHGtJ , which can be calculated with
14 092 ©1999 The American Physical Society
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PRB 59 14 093ANGLE-RESOLVED Cu AND O PHOTOEMISSION . . .
the SCBA or other analytical approaches.9 We find signifi-
cant differences between Cu and O ARPES. Since the p
toemission cross section for Cud and Op orbitals have dif-
ferent dependences on the incident energy of the photo45

these differences should be accessible to experiments.
In Sec. II we briefly review the mapping procedure a

derive the equations necessary to express the ARPES re
in terms of numerical or~in some cases! analytical results on
HGtJ . Section III contains the results and Sec. IV the co
clusions.

II. MAPPING PROCEDURE AND RELEVANT EQUATIONS

A. Deriving the spin-fermion model from H 3b

Our starting point for the description of the supercondu
ing cuprates below 1 eV is the extended three-band Hubb
model. To simplify the writing we change by21 the phases
of half of the O and Cu orbitals in such a way that t
hopping matrix elements do not depend on direction. T
original phases should be restored in the comparison with
experimental ARPES results.46 The Hamiltonian takes the
form

H3b5ed(
is

dis
† dis1~ed1D!(

j s
pj s

† pj s

1Ud(
i

di↑
† di↑di↓

† di↓1Up(
j

pj↑
† pj↑pj↓

† pj↓

1Upd (
idss8

dis
† dispi 1ds8

† pi 1ds8

1tpd(
ids

@pi 1ds
† dis1H.c.#2tpp(

j gs
pj 1gs

1 pj s ,

~1!

wheredis
† (pj s

† ) creates a hole on the Cu 3d~O 2p! orbital at
site i ( j ). The four nearest-neighbor~next nearest-neighbor!
O sites to Cu sitei are denoted byi 1d( i 1g). A canonical
o-

,

ults

-

-
rd

e
he

transformation which eliminates terms linear intpd , retain-
ing also the fourth-order terms, leads to the spin-ferm
model:30,31

Hs f5 (
idÞd8s

p̃i 1d8s
† p̃i 1dsF ~ t11t2!S 1

2
12Si•Si 1dD2t2G

2tpp8 (
j gs

p̃ j 1gs
† p̃ j s1JK(

id
S Si•Si 1d2

1

4D
1

J

2 (
id

S Si•Si 12d2
1

4D , ~2!

wherep̃ j s
† are effective O creation operators, andSi(Si 1d) is

the effective spin at Cu sitei ~O site i 1d). Due to the fact
that tpd is not very small compared toD or Ud2D, the
expressions for the parameters ofHsf obtained from the ca-
nonical transformation up to fourth order intpd are not ac-
curate enough. However, this shortcoming is avoided if
parameters ofHsf are renormalized to fit the energy levels
H3b which in the limit tpd→0 corresponds to a level ofHsf ,
in a CuO4 cluster with one and two holes. Since the ca
tppÞ0 has not been described before and the informatio
necessary for the expressions of the ARPES results,
briefly review this method.

For two holes in the CuO4 cluster the 16 eigenstates o
Hsf can be classified in four spin singlets and four spin tr
lets distributed in six energy levels: oneG1 ~invariant under
the point group operations!, one G3 ~transforming likex2

2y2) and a doubletG5 ~transforming likex,y) for each total
spin. The spin multiplicity 2S11 will be denoted in the su-
perscript. The ground state is the invariant singletugsf(G1

1)&
5(1/A8)( id( p̃i 1d↑

† d̃i↓
† 2 p̃i 1d↓

† d̃i↑
† )u0&, which represents a

Zhang-Rice singlet. Each eigenstate ofHsf has a correspond
ing eigenstate ofH3b , which is the lowest eigenstate of
small matrix in the corresponding symmetry sectorGm

n . The
largest matrix corresponds toG1

1 and is reproduced here fo
future use:
S 22tpp 2tpd A2tpd A2tpd A8tpd

2tpd D 22A2tpp 22A2tpp 0

A2tpd 22A2tpp D 0 0

A2tpd 22A2tpp 0 D1Up 0

A8tpd 0 0 0 Ud2D22Upd

D . ~3!
The basis states of Eq.~3! are the following:

u1&5
1

A8
(
id

~pi 1d↑
† di↓

† 2pi 1d↓
† di↑

† !u0&, ~4!

u2&5
1

A8
(
id

~pi 1d↑
† pi 1Rd↓

† 2pi 1d↓
† pi 1Rd↑

† !u0&,
u3&5
1

2 (
id

pi 1d↑
† pi 2d↓

† u0&,

u4&5
1

2 (
id

pi 1d↑
† pi 1d↓

† u0&,

u5&5di↑
† di↓

† u0&,



e

in

n
a

ith

g
he

he
in

tri

a-

ood

ert
-
to-

bor

f

the

a

itals

-

le

14 094 PRB 59J. EROLES, C. D. BATISTA, AND A. A. ALIGIA
whereRd is the result of rotatingd by p/2. To obtain the
optimum parameters ofHsf , we adjust them to fit exactly the
three lowest energy levels (G1

1, G5
1, andG5

3), the highest one
(G1

3), and the average of the other two@(G3
11G3

3)/2#. Calling
E3b the lowest energy ofH3b in each symmetry sector, th
result is

tpp8 5
E3b~G3

1!1E3b~G3
3!2E3b~G5

1!2E3b~G5
3!

4
,

t15
E3b~G1

3!2E3b~G5
3!12tpp8

4
,

t25
E3b~G5

1!2E3b~G1
1!

8
2

t1

2
2

tpp8

4
,

JK52~ t11t2!1E3b~G5
3!2E3b~G5

1!. ~5!

As an example for the parameters ofH3b for La2CuO4, ob-
tained from constrained-density-functional approximation
Ref. 21 (Ud510.5, Up54.0, Upd51.2, D53.6, tpd51.3,
and tpp50.6, all energies in eV! , we obtaintpp8 50.56, t1

50.37, t250.08, JK50.62. The value ofJ, which is af-
fected by other orbitals not included inH3b ~Ref. 47! is taken
asJ50.13 from experiment.48

B. Mapping of the operators

We have to express the hole creation operatorsdis
† and

pis
† in the basis ofHsf in order to calculate photoemissio

properties. In the lowest nontrivial order in the canonic
transformation which eliminatestpd , one obtains for thedi↑

†

operator transformed into the spin-fermion basis31

di↑
† 5a(

d
p̃i 1d↑

† ñi↑1b(
d

p̃i 1d↑
† ñi↓1c(

d
p̃i 1d↓

† d̃i↑
† d̃i↓

~6!

and similarly interchanging spin up and spin down, w
ñis5d̃is

† d̃is . The values ofa, b, c, which are obtained
from the canonical transformation, are not accurate enou
To improve them, we ask that all matrix elements of t
second member of Eq.~6! between states ofHsf in a CuO4
cluster with one and two holes, should coincide with t
matrix elements ofdis

† between the corresponding states
H3b . The result is

a5v/2, b52uuA5u/A81~12uA1u!v/4,

c5uuA5u/A81~11uA1u!v/4, with u,v.0,

u25
1

2
1

D1Upd22tpp

2A~D1Upd22tpp!
2116tpd

2
,

v2512u2. ~7!

The Ai are the coefficients of the ground state of the ma
Eq. ~3! in terms of the basis set Eq.~4!: ug3b(G1

1)&
5( iAi u i &.
l

h.

x

In the lowest nontrivial order in the canonical transform
tion, the transformed operator ofpis

† is not changed. Follow-
ing a similar procedure as above, we assume that it is a g
approximation to use:

pis
† 5a8p̃is

† , ~8!

whereua8u,1, because part of the spectral weight ofpis
† is

distributed in high-energy states which are out of the Hilb
space ofHsf . Equations~8! and~6! were shown to be accu
rate enough in previous comparison of the Cu and O pho
emission spectra ofH3b andHsf in a Cu4O8 cluster.31 Here,
to calculatea8, we solve exactlyH3b and Hsf in a Cu2O
cluster including and O atom and its two nearest-neigh
Cu atoms, with two and three holes. The first~second! mem-
ber of Eq.~8! is applied to theS50 ground state ofH3b(Hsf)
with two holes. ForHsf , the result is a linear combination o
two eigenstates with total spinS51/2, which correspond to
the low-energy part of the result forH3b . Then,a8 is deter-
mined fitting the coefficients of these two states. Inside
range of reasonable parameters ofH3b , we obtain ua8u2

.0.44.

C. From H sf to a generalizedt-J model

There is numerical evidence41 that in the low-energy
eigenstates ofHsf , the O holes are in the ground state of
CuO4 cluster~a Zhang-Rice singlet36!. Defined in this way,
Zhang-Rice singlets centered in nearest-neighbor Cu orb
are nonorthogonal.49 Using a projectorP2 over these nonor-
thogonal Zhang-Rice states,42 P2HsfP2 can be mapped into a
generalizedt-J modelHGtJ , in which each Zhang-Rice sin
glet at a CuO4 cluster, is replaced by the vacuum~no holes!
in the cluster. Retaining the most important terms,HGtJ
takes the form42

HGtJ5t18(
iDs

d̃i 1Ds
† d̃is1t28(

igs
d̃i 1Gs

† d̃is1t38(
iDs

d̃i 12Ds
† d̃is

1t9 (
iDÞD8s

d̃i 1D8s
† d̃i 1Ds~122Si•Si 1D!

1
J

2 (
iDs

S Si•Si 1D2
1

4D , ~9!

whereD52d(G52g) are vectors connecting first~second!
nearest-neighbor Cu atoms, and

t185~104tpp8 1246t11410t2151JK!/512,

t285~13tpp8 211t1!/64,

t385211t1/128,

t95~8tpp218t126t213Jk!/256. ~10!

As in Hsf there is an implicit constrain of forbidden doub
occupancy at any site. For the typical parameters ofH3b

mentioned above, Eqs.~10! give: t1850.42, t2850.05, t38
50.06, t950.003.
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The low-energy eigenstatesuCsf
n & of Hsf can be obtained

from thoseuCGtJ
n & of HGtJ simply by dressingthe vacant

sites with Zhang-Rice singlets:

uCsf
n &5

TuCGtJ
n &

^CGtJ
n uT†TuCGtJ

n &1/2
,

T5)
i

F 1

A8
(

d
~ p̃i 1d↑

† d̃i↓
† 2 p̃i 1d↓

† d̃i↑
† !~12ni !1ni G ,

ni5d̃i↑
† d̃i↑1d̃i↓

† d̃i↓ . ~11!

This equation, together with Eqs.~6! to ~8! allow to calculate
the Cu and O photoemission spectra of the three-band H
bard modelH3b from the eigenstates of the correspondi
generalizedt-J modelHGtJ . For the sake of clarity, and in
absence of a more detailed knowledge about the experim
tal situation, we neglect effects of interference and the
pendence on the polarization of the incident radiation a
direction of the photoemitted electron. Then, in the insu
ing state, the Cu and O contributions to the intensity of
lowest ARPES peak are given by~the contributions for both
spins are the same!:

I Cu(k)52u^Csf
k udks

† uC0&u2,

I O(k)52u^Csf
k upkxs

† uC0&u212u^Csf
k upkys

† uC0&u2, ~12!

whereuC0& is the ground state ofHsf andHGtJ in the insu-
lating system,uCsf

k & the lowest energy eigenstate ofHsf for
one added hole~which leads to a nonzero matrix elemen!
anddks

† , pkxs
† , andpkys

† , are the Fourier transforms of th
three creation operators of a unit cell.

D. O intensity vs quasiparticle weight inH GtJ

The formalism presented in the rest of this section allo
us to calculate, in the next section, the Cu and O contri
tions to ARPES, from the eigenstates obtained from ex
diagonalization of finite systems. To calculate the Cu p
with analytical approximations applied toHGtJ requires fur-
ther algebraic elaboration which is beyond the scope of
work. However, as we show below, there is a simple anal
cal relation between the O contribution, generally the m
important, and the quasiparticle weight ofHGtJ for one
added hole. The latter quantity has been calculated a
rately with the SCBA~Refs. 7, 9, and 16! and compared with
results of other analytical and numerical methods.9

The quasiparticle weight inHGtJ is

Zs~k!5u^CGtJ
k ud̃ksuC0&u2, ~13!

while the contribution to the intensity from, for example, 2px
orbitals and spin up is@Eqs.~8!, ~11!, and~12!#:

I Os
x ~k!5ua8u2u^C0u p̃kx↑uCsf

k &u2

5

ua8u2u^C0u~1/AN!(
j

8 e2 ikRjpj↑TuCGtJ
k &u2

Nk
,

~14!
b-

n-
-
d
-
e

s
-

ct
rt

is
i-
t

u-

where Nk5u^CGtJ
k uT†TuCGtJ

k &u2 and in ( j8 the sum overj
runs over half the O atoms~those which contain 2px orbitals
or in other words, their nearest-neighbor Cu atoms lie in
x direction!. The normNkÞ1, due to the nonorthogonality o
Zhang-Rice singlets centered in nearest-neighbor Cu site42

Since uCGtJ
k & contains only one vacant site then (12ni)(1

2nj )uCGtJ
k &50 for iÞ j . Using this and Eq.~11! one has

p̃ jTuCGtJ
k &5

1

2A2
F d̃ j 1dx↓

† ~12nj 1dx
! )
iÞ j 1dx

ni1d̃ j 2dx↓
†

3~12nj 2dx
! )
iÞ j 2dx

ni G uCGtJ
k &

5
1

2A2
@ d̃ j 1dx↓

† 1d̃ j 2dx↓
† #uCGtJ

k &, ~15!

where the last equality makes use of the fact thatni50 or 1
and( i(12ni)51. From Eqs.~13!–~15! one obtains

I O↑
x ~k!5

cos2~kx/2!ua8u2

2Nk
Z↓~2k!, ~16!

and since from symmetryZ↓(k)5Z↑(2k)5Z↑(2k), we
have for the total O intensity46

I O~k!5
@cos2~kx/2!1cos2~ky/2!#ua8u2

Nk
Z↑~k!. ~17!

In the cluster of 434 unit cells, we obtainNk>0.36 for allk
with error less than 10%. The small dependence of the n
TuCGtJ

k & on the wave vector is to be expected in an antif
romagnetic background for realistic parameters ofHGtJ . As
it becomes particularly clear within the string picture,14 the
motion of a vacant site in a quantum antiferromagnet can
divided into a fast motion around a fixed position on t
lattice, on the scale of;3t, against a string linear potentia
created by the distortion of the antiferromagnetic order, a
a slow motion of the polaronic cloud, which determines t
quasiparticle dispersion~with a width ;2J). Nk is clearly
determined by the physics inside the polaronic cloud and
thus essentially independent of its wave vectork.

From the above discussion, it is clear that the wave-vec
dependence ofI O(k) is given by that of the quasiparticl
weight ofHGtJ , and the factor cos2(kx/2)1cos2(ky/2).46 This
factor is very important and leads to the fact that for wa
vector (p,p) in the notation of Eq.~1! (k5(0,0) when the
original phases are restored to compare with experimen46!,
there is no O contribution to the low-energy ARPES. This
particularly clear when the on-site O repulsionUp50. In this
case, from Eq.~1!, @H3b ,p(p,p)as

† #5Dp(p,p)as
† with a5x

or y, i.e., p(p,p)as
† does not hybridize with the Cu 3x22y2

orbitals. Then all the O weight resides in a well-defined qu
siparticle at energyD;3.6 eV, while the low-energy quasi
particles, involved in the formation of Zhang-Rice single
lie at negative energies@with the zero of one-particle ener
gies of Eq.~1! ~Ref. 27!#.
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III. RESULTS

In this section we present the result of exact diagonal
tion of HGtJ as an effective model representing the lo
energy physics ofH3b , in a system containing 434 unit
cells. At the end we use Eq.~17! and previous results o
Z↑(k) to obtainI O(k) in larger clusters.

At the top of Fig. 1 we show the quasiparticle dispersi
lk with the original phases restored46 and in the electron
representation~upside down with respect of the hole repr
sentation ofH3b), to facilitate comparison with experimen
The parameters ofH3b were taken from Ref. 21 and those
HGtJ were determined from the mapping procedure, exc
for J50.13 which was taken from comparison with Ram
experiments.48 Taking into account that there are no fittin
parameters, the agreement with the experimentally meas
dispersion in Sr2CuO2Cl2 is very good. The discrepancie
around (p,0) can be ascribed to some finite-size effects
the 434 cluster,15 and to the fact that the parameters ofH3b

for La2CuO4 ~Ref. 21! should differ somewhat from the cor
responding ones for Sr2CuO2Cl2. A consequence of the up
ward shift in lk for k5(p,p/2),(p,0) and (p/2,0) is that
the quasiparticle weightZs(k) of HGtJ is exaggerated for

FIG. 1. Quasiparticle energies~top!, oxygen intensity~middle!,
and Cu intensity~bottom! as a function of wave vector, for param
eters ofH3b calculated for La2CuO4 ~Ref. 21!. The square symbols
and error bars at the top correspond to the observer ARPE
Sr2CuO2Cl2 ~Ref. 1!.
-

pt

ed

n

these wave vectors.9 This is due to the fact that for large
binding energy of the added hole, less magnons are exc
and the quasiparticle is more similar to the bare hole,
creasingZs(k).

The O and Cu intensities given by Eqs.~12! are compared
in Fig. 1. As explained above, both intensities are exagg
ated for wave vectors (p,p/2),(p,0) and (p/2,0). ForI O(k)
this is clear when Eq.~17! ~Ref. 46! with ua8u2/Nk>1.22,
and the weights ofHGtJ calculated by the SCBA~Refs. 7 and
9! are used. However, these finite-size effects do not af
the characteristic strong variation of the O intensity arou
theS line @joining (0,0) with (p,p)#. I O(k) is the maximum
for k5(p/2,p/2) and very small fork5(p,p), as for the
generalizedt-J model.7–9,11 However, in contrast toZs(k)
for HGtJ , I O(k) vanishes atk5(0,0). This is a consequenc
of the different symmetry of theps and dx22y2 orbitals ~or
Zhang-Rice excitations! at that point, as explained~in differ-
ent terms! at the end of the previous section.

In contrast toI O(k), the Cu intensities fork5(p/2,p/2)
andk5(0,0) are similar and rather large in comparison w
other wave vectors. SinceI O(0,0)50, the experimental
ARPES intensity atk5(0,0) is determined by the Cu par
The maximum ofI Cu(k) for k5(p/2,0) is probably not re-
alistic for the parameters ofH3b which correspond to
Sr2CuO2Cl2, and should be reduced as the correspond
lp/2,0 approaches the observed quasiparticle energy.

In Fig. 2 we show the evolution of several intensities a
function of the O-O hoppingtpp of H3b . The importance of
this term is that astpp increases, the three site termt9 be-
comes positive@see Eq.~10!#, particularly if t9 is obtained by
fitting energy levels51 instead of the analytical expression E

in

FIG. 2. Oxygen~top! and Cu ~bottom! intensities for several
wave vectors as a function of O-O hopping.
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~10! we used here. In turn, moderate positive values oft9
favor a resonance-valence-bond superconducting gro
state with~predominantly! dx22y2 symmetry.51,52 The effect
of tpp on the intensities is to reduceI O(k) and I Cu(k) for k
5(p,p/2),(p,0) and (p/2,0). Also I Cu(0,0) decreases with
tpp . This is mainly a consequence of a shift downwards
the correspondinglk . As a consequence, the dispersion, a
also apparently the intensities, compare better with
ARPES results in Sr2CuO2Cl2, if tpp;0.6 eV or larger.

For the incident energy used in the ARPES experimen1

in Sr2CuO2Cl2, the cross section for photoemitting O 2p
electrons is near two times that of Cu 3d electrons.53 This
fact and our previous results suggest that the observed in
sity is given essentially byI O(k), except fork near~0,0!. We
have used Eq.~17! with Nk50.36 constant, in order to relat
I O(k) with previous accurate results forZs(k) in HGtJ : ex-
act diagonalization of a square cluster of 32 sites,8 and the
SCBA in a 16316 cluster.9 The parameters ofHGtJ , taken
from Ref. 8, are near the optimum ones for fitting the disp
sion relationlk , with t950. The resultinglk andI O(k) are
shown in Fig. 3. Due to the factor sin2(kx/2)1sin2(ky/2),46

the intensities along theS line are asymmetric and smalle
near the Brillouin-zone center, contrary to what was o
served experimentaly. We should state that a small adm
ture of the Cu 3d ~Ref. 10! configuration in the ground stat
of the undoped system~of order tpd

2 /@(D1Upd)Ud#, which
we have disregarded here! has the effect of increasing the C
ARPES neark5(0,0), as it is clear in the strong-couplin
limit of the one-band Hubbard model (H1b).7,11,16However,

FIG. 3. Quasiparticle dispersion~top! and oxygen intensity~bot-
tom! as a function of wave vector using exact diagonalization~open
circles! ~Ref. 8! and SCBA~solid triangles! ~Ref. 9! results. Param-
eters areJ52t2850.3t18 , t3850.2t18 , andt950.
nd

f
d
e

s

n-

-

-
x-

clearly this effect is negligible on the O ARPES. The abov
mentioned asymmetry is even enlarged if a negativet95
2J/4 ~as that which comes form a canonical transformat
of H1b) is included.8,9 This suggests again that values
tpp;0.6 eV or larger, leading to positivet9, are more real-
istic.

IV. CONCLUSIONS

We have developed a formalism which allows to calcul
separately the low-energy part of the angle-resolved ph
emission intensity from either O 2ps or Cu 3dx22y2 orbitals,
using a generalizedt-J model as an effective model for cu
prate superconductors. This low-energy reduction is the o
way to calculate the wave-vector dependence of the inte
ties by exact diagonalization of finite systems, since
present it is not possible to diagonalize directly the thr
band Hamiltonian in a periodic system large enough to c
tain the minimum necessary sampling of the Brillouin zon

For the insulating system, the O intensity can be very w
approximated as

I O~k!>1.22 Zs~k!@sin2~kx/2!1sin2~ky/2!#,

whereZs(k) is the quasiparticle weight of the effective ge
eralized t-J model. Thus,I O vanishes at theG point k
5(0,0). Since this is a consequence of the different symm
try of O 2ps states and low-energy excitations at that poi
this result should persist with doping.

Our numerical results in a cluster of 434 unit cells, for
parameters calculated for La2CuO4, show thatI O(k) is larg-
est for k5(p/2,p/2), and at that point, the Cu intensit
I Cu(k) is nearly three times smaller. Instead, whileI Cu(k)
has similar values atk5(p/2,p/2) and near theG point,
I O(0,0)50. The fact thatI O(k) and I Cu(k) dominate in dif-
ferent regions of the Brillouin zone, makes it possible
separate both contributions experimentally. For an anal
of the experiments, as those carried out in Sr2CuO2Cl2,1 the
separation in Cu and O contributions is important, since
cross section for photoemitting electrons in O 2p or Cu
3dx22y2 orbitals are different and have different dependen
on the incident energy.45 For a quantitative comparison wit
experiment, it is necessary to add the amplitudes~instead of
the intensities! of the scattered waves from the three ato
per unit cell, multiplied by their respective scattering amp
tudes, taking into account the polarization of the incide
photons, and the direction of the photoemitted electro
This does not require an extension of our formalism. In a
dition, for any particular scattering amplitudes and polariz
tion, the expected trends can be extracted from the pre
results. Agreement with the observed intensities seem
improve for tpp>0.6 eV, which in turn favors a resonatin
valence bond ground state andd-wave superconductivity.51,52
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